Corrosion can develop due to adverse environmental conditions during the life cycle of a range of industrial structures, e.g., offshore oil platforms, ships, and desalination plants. Generalized corrosion leading to wall thickness loss can cause the reduction of the strength and thus degradation of the structural integrity. The monitoring of corrosion damage in difficult to access areas can be achieved using high frequency guided waves propagating along the structure from accessible areas. Using standard ultrasonic wedge transducers with single sided access to the structure, guided wave modes were selectively generated that penetrate through the complete thickness of the structure. The wave propagation and interference of the different guided wave modes depends on the thickness of the structure. Laboratory experiments were conducted for wall thickness reduction due to milling of the steel structure. From the measured signal changes due to the wave mode interference the reduced wall thickness was monitored. Good agreement with theoretical predictions was achieved. The high frequency guided waves have the potential for corrosion damage monitoring at critical and difficult to access locations from a stand-off distance.
INTRODUCTION
The corrosive marine environment is one of the limiting factors for the service life of ships and offshore structures as corrosion leads to thickness reduction in metallic structures [1, 2] . The nondestructive monitoring of these structures to predict and prevent failure is therefore essential. Different forms of corrosion can occur, with either pitting corrosion or generalized thickness reduction due to 'uniform' corrosion as common types prevalent in ship hulls [1] . Pitting corrosion can be difficult to detect as it is typically localized and often occurs at inaccessible locations on the hull plating. Ultrasonic methods have a proven, good sensitivity to detect relative small changes in thickness and both surface and subsurface flaws. Low frequency guided wave inspection systems have been developed in recent years for the monitoring of large technical structures, e.g., offshore oil platforms, oil storage tanks, or pipelines [3, 4] . These structures are subject to corrosion and fatigue damage during their service life and often constructed using large plate components [5, 6] . Guided wave array systems allow for the efficient monitoring of the structural integrity of large parts of such structures from restricted monitoring locations [7, 8] . Guided waves have mode shapes dependent on the frequency and structure thickness (stress distributed through the thickness of the structure) and can in principle propagate over long distances. The guided wave is scattered at defects in the structure, e.g., due to corrosion pitting leading to localized thickness reduction, and part of its energy is scattered towards the monitoring location. This allows in principle for the efficient nondestructive testing and monitoring of large technical structures [9] . Guided wave monitoring systems typically operate at low frequencies below the cut-off frequencies for higher order wave modes to generate only the fundamental (A 0 or S 0 ) wave modes, in order to simplify signal interpretation. The low excitation frequency results in larger wavelengths and thus leads to somewhat limited sensitivity to small defects.
Guided wave modes in the higher frequency-thickness range have been investigated for non-destructive testing applications [10] . The fundamental symmetric S 0 mode (at around 5 MHz mm) was employed to detect corrosion in aircraft structures [11] , and longitudinal guided wave modes (above 15 MHz mm) were used for the inspection of plate structures [12] . The higher frequencies lead to higher attenuation and potentially more complicated signal analysis due to multiple guided wave modes being present in the signal, but promise better sensitivity for the detection of small defects as compared to low frequency guided waves. The resulting wavelengths are typically comparable to those used in bulk wave ultrasonic testing (UT), thus allowing similar sensitivity for the detection of small defects [12] . 
EXPERIMENTS
Two plate specimens (650 mm x 100 mm) were cut from a single piece of mild steel (EN3B -AISI 1020) and initially milled to a thickness of 11 mm. One specimen was milled down in successive steps (approximately 0.2 mm each) to a final thickness of 9.43 mm to achieve a uniform thickness reduction. The other specimen was milled with a slight angle, so that the thickness varied linearly along its length from 11 mm at one end to 8 mm at the other end, giving a gradient of about 0.5/100. The surface of the specimens was reasonably smooth, but showed the tool marks from the milling.
The high frequency guided ultrasonic waves were generated at the plate surface using a standard Rayleigh wedge transducer placed close to one end of the specimen. The transducer had a center frequency of 0.5 MHz and was excited using a 10-cycle tone burst excitation (sinusoid at 0.5 MHz in a Hanning window). The excitation signal was generated in a programmable function generator and amplified to high voltage using a broadband power amplifier. A heterodyne laser interferometer was used for point measurements of the out-of-plane displacement field along the center line of the propagation of the ultrasonic pulse [20] , as displayed in Fig. 1 . The interferometer head was moved parallel to the plate surface by means of a scanning rig with a step size of 1 mm for a distance of 450 mm from the transducer location. Measurements were conducted on both the front (transducer) side of the specimen and on the back side. For the specimen with the varying thickness, the transducer was respectively placed at either end to achieve wave propagation from the thinner to the thicker region of the specimen and vice versa. The signal corresponding to the velocity of the outof-plane displacement was filtered using a band pass filter (400-600 kHz), averaged (50 averages) and recorded using a digital storage oscilloscope. Using Matlab the amplitude at the center frequency of 500 kHz was extracted using Fast Fourier Transform (FFT) for each measurement location [21] .
UNIFORM THICKNESS REDUCTION
The first plate specimen was milled in 0.2 mm steps from a uniform thickness of 11.0 mm (+/-0.01 mm) to a thickness of 9.43 mm. For each of the nine available plate thicknesses the guided ultrasonic wave propagation along the center line of the specimen was measured and the amplitude at 0.5 MHz (FFT) versus propagation distance curve analyzed. The amplitude variation due to the beating effect between the two fundamental Lamb wave modes can be clearly observed in Fig. 2 for a plate thickness of 10.64 mm and 9.43 mm, respectively. The amplitude decreases as the wave propagates from the excitation location and then periodically increases and decreases again. It has to be noted that this effect depends strongly on the frequency-thickness product, so that in the time domain the amplitude reduction is less pronounced as the wave pulse contains energy over a range of frequencies. The measurement curves do not go to zero amplitude and show some variation over shorter length scale due to an interference with higher wave modes and slightly different effective excitation amplitudes for the A 0 and S 0 modes [2] . The measured amplitude curves were fitted using Matlab with the theoretically predicted exponentially decreasing cosine curve and good agreement for the principal features can be seen in Fig. 2 for the measurements at two different plate thicknesses. The experimental beatlength matched well with the theoretically predicted beatlength using Disperse [19] , especially for the shorter beatlength values corresponding to the reduced plate thickness (Fig. 3) . For thick plates (e.g., 10.64 mm in Fig. 2a ) the beatlength matched or exceeded the measurement distance, leading to inaccuracies of the fitting procedure in Matlab. 
VARYING SPECIMEN THICKNESS
The second specimen was milled at a slight angle, so that the thickness varied linearly along the length of the specimen. Measurements were conducted in the central part of the specimen over a length of 450 mm, placing the transducer either at the thick or thin end of the specimen. Over the measurement distance the thickness varied from approximately 10.5 mm (thick end) to 8.5 mm (thin end). Measurements were taken for both propagation directions, placing the excitation transducer at the thicker end and measuring along a line towards the thinner end, and vice versa, placing the transducer at the thinner end. The guided wave signal was measured both on the front surface, where the transducer had been placed, and on the back surface. Typical time traces measured using the laser interferometer on the front surface for are shown in Fig. 4 for the propagation from the thick to the thin end of the specimen. The clear incident wave pulse can be seen at the four shown measurement locations with 100 mm (Fig. 4a) , 200 mm (Fig. 4b) , 300 mm (Fig. 4c) , and 400 mm (Fig. 4d) propagation distance. The pulse length extends during propagation due to the slight variation in the group velocity of the modes over the narrowband excitation frequency range. After approximately 250 mm propagation distance a slight separation with two peaks visible in Fig. 4c /d occurred, as on the thinner part of the structure, the velocity difference increases. Good wave propagation over reasonable distances can be observed from the wave pulse reflected at the end of the specimen. For the measurement location shown in Fig. 4a , the reflected wave pulse at about 0.4 ms has propagated over a distance of almost 1 m. The pulse length has increased as discussed above, but the maximum amplitude has only decreased by a factor of four and the pulse is clearly visible.
The amplitude of the incident wave pulse at 0.5 MHz (FFT) versus the propagation distance curve for all propagation cases is shown in Fig. 5 . The beatlength is governed by the inverse of the difference between the wave numbers of the two fundamental Lamb wave modes (Eq. 1), which depends on the local specimen thickness. Therefore the beatlength along the propagation direction varies from a longer beatlength at the thicker end of the specimen (about 350 mm) to a shorter beatlength at the thinner end of the specimen (about 150 mm). The longer beatlength can be observed in Fig. 4a , where the amplitude measured on the front surface has the first minimum at about 180 mm propagation distance, and a second minimum at about 380 mm propagation distance. This corresponds well to the theoretically predicted beatlength variation along the propagation path with reducing plate thickness. The energy exchange between the front and back sides of the specimen can be seen from the amplitude measured on the back side of the specimen. The maxima correspond approximately to the minima of the amplitude on the front surface. For the propagation from the thin end towards the thicker end of the specimen (Fig. 4b) , the first minimum on the front surface can be observed at approximately 80 mm, corresponding to the first amplitude maximum on the back side of the plate. The increase in beatlength can be observed as the second minimum on the front surface (second maximum on the back surface) appears at about 250 mm.
CONCLUSIONS
This contribution investigated the monitoring of wall thickness reduction using high frequency guided ultrasonic waves propagating along the structure and allowing for the measurement over a reasonable propagation length as compared to through-thickness point measurements. The required high frequency guided wave modes were excited using standard wedge transducers and measured using a laser interferometer. Uniform plate thickness reduction was achieved by milling the plate specimen to the required thickness and good agreement of the measured beatlength with theoretical predictions was observed, demonstrating the sensitivity of the proposed methodology. The wave propagation for a specimen with varying thickness was studied and the expected thickness dependent behavior observed. Further investigations will explore the sensitivity of the high frequency guided ultrasonic waves to typical pitting corrosion.
